Mammalian cells detect decreases in oxygen concentrations to activate a variety of responses that help cells adapt to low oxygen levels (hypoxia). One such response is stabilization of the protein HIF-1α, a component of the transcription factor HIF-1. Here we show that a small interfering RNA (siRNA) against the Rieske iron-sulfur protein of mitochondrial complex III prevents the hypoxic stabilization of HIF-1α protein. Fibroblasts from a patient with Leigh's syndrome, which display residual levels of electron transport activity and are incompetent in oxidative phosphorylation, stabilize HIF-1α during hypoxia. The expression of glutathione peroxidase or catalase, but not superoxide dismutase 1 or 2, prevents the hypoxic stabilization of HIF-1α. These findings provide genetic evidence that oxygen sensing is dependent on mitochondrial-generated reactive oxygen species (ROS) but independent of oxidative phosphorylation.
Introduction
examine the role of mitochondria in oxygen sensing has provided equivocal results. There are some studies that indicate ρ°cells are still able to stabilize HIF-1α protein levels during The maintenance of oxygen homeostasis in mammalian cells is fundamental to the survival of the organism. The transcriplow oxygen concentrations (Srinivas et al., 2001; Vaux et al., 2001; Enomoto et al., 2002) . Recent data also suggest that tion factor hypoxia-inducible factor 1 (HIF-1) is a master regulator of local cellular and systemic responses to hypoxia (Semitochondria play a role in oxygen sensing not by increasing the generation of ROS during hypoxia, but through mitochonmenza, 2000). HIF-1 is a basic helix-loop-helix/PAS heterodimer composed of the subunits HIF-1α and HIF-1β (ARNT). While drial respiration regulating intracellular oxygen levels (Hagen et al., 2003) . In the present study we utilize small interfering RNA HIF-1β is constitutively expressed and not significantly affected by oxygen, HIF-1α is present only under conditions of hypoxia.
(siRNA) against the Rieske iron-sulfur protein of complex III as a genetic approach to examine the role of mitochondria as oxy-HIF-1α is targeted for degradation under normoxia by a set of enzymes known as prolyl hydroxylases (PHDs) (Bruick and gen sensors. Furthermore, we utilize cells that contain mutations in complex I or complex IV to address the role of oxidative McKnight, 2001; Epstein et al., 2001) . These enzymes utilize oxygen as a substrate and iron as a cofactor to hydroxylate phosphorylation in oxygen sensing. proline residues 402 and 564 of HIF-1α. Hydroxylation at proline residues allows for HIF-1α to interact with the von HippelResults and discussion Lindau tumor suppressor protein (pVHL), which has ubiquitin ligase activity and leads to degradation of HIF-1α (Ivan et al.,
RNA interference against a mitochondrial complex III subunit prevents hypoxic stabilization of HIF-1α 2001; Jaakkola et al., 2001) . Although much is known about the transcriptional activity and biological functions of HIF-1, the Multiple reports have utilized respiratory inhibitors and ρ°cells to examine the role of mitochondrial electron transport chain underlying mechanism of how cells detect decreases in oxygen tension leading to the activation of HIF-1 is not fully underin the regulation of stabilization of HIF-1α protein with varying results. A potential reason for the differing results is that some stood.
Mitochondria have been implicated as potential oxygen senstudies examined stabilization of HIF-1α under hypoxic conditions (1%-2% O 2 ), while other studies utilized conditions close sors by increasing the generation of reactive oxygen species (ROS), which regulate a variety of hypoxic responses, including to anoxia (0% O 2 ) (Chandel et al., 2000; Vaux et al., 2001; Schroedl et al., 2002) . As an alternative to ρ°cells, we genetithe activation of HIF-1 (Chandel et al., 1998; Chandel et al., 2000; Agani et al., 2000) . In support of this model, hypoxia cally tested the requirement of a functional complex III in the regulation of HIF-1α under hypoxia by transfecting HEK-293 increases ROS generation, HIF-1α protein accumulation, and HIF-1-dependent gene expression in wild-type cells but not in cells with two different siRNAs against a component of complex III, the Rieske iron-sulfur protein (Fe-S). Cells transfected cells depleted of their mitochondrial DNA (ρ°cells). The ρ°cells do not have a functional electron transport chain and therefore with siRNA1 or siRNA2 against the Rieske iron-sulfur protein displayed a significant decrease in Fe-S protein levels comdo not generate ROS. However, the use of ρ°cells as a tool to pared to cells transfected with a control siRNA against the lual., 1999) . Reintroduction of the wild-type SURF-1 gene into the SURF-1 null cells (SURF-1 wild-type) results in a restoraciferase gene ( Figures 1A and 1B ). Cells exposed to either siRNA1 or siRNA2 against the Rieske iron-sulfur protein failed tion of COX activity (Tiranti et al., 1999) . The SURF-1 null cells have an impairment of oxidative phosphorylation and display a to stabilize HIF-1α protein under hypoxia, but not anoxia or the iron chelator desferrioxamine ( Figures 1C and 1D ). Similar respiratory control ratio of 1.4 compared with wild-type cells that exhibit a respiratory control ratio of 4.6. SURF-1 null cells results were obtained in these cells using the complex III inhibitor myxothiazol or ρ°cells ( Figures S1 and S2 ). Therefore, a survived in media containing glucose but died in media containing galactose ( Figure 2A ). By contrast, SURF-1 wild-type functional electron transport chain is required for only the hypoxic stabilization of HIF-1α protein. It is likely that in the comcells survived in media containing galactose ( Figure 2A ). SURF-1 null cells also exhibited a significant reduction in celluplete absence of oxygen or in the presence of desferrioxamine the prolyl hydroxylases are catalytically inactive due to limited lar oxygen consumption compared with wild-type cells ( Figure  2B ). However, both SURF-1 null and wild-type cells exhibited availability of oxygen or iron, respectively.
an increase in HIF-1α protein stabilization when exposed to hypoxia, which was prevented by the addition of myxothiazol Hypoxic stabilization of HIF-1α does not require oxidative phosphorylation ( Figure 2C ). In contrast, myxothiazol did not prevent anoxic stabilization of HIF-1α protein in either SURF-1 null or wildThe requirement of a functional electron transport chain in the hypoxic stabilization of the HIF-1α protein could be due to its type cells ( Figure 2D ). These results indicate that while the residual electron transport activity in SURF-1 null cells is not sufprimary function in oxidative phosphorylation. Recent work suggests that a functional electron transport chain regulates ficient to perform oxidative phosphorylation, it is sufficient to induce HIF-1α protein stabilization under hypoxia. Thus, oxidathe hypoxic stabilization of HIF-1α protein by controlling the availability of intracellular oxygen to prolyl hydroxylases (Hagen tive phosphorylation is not required for the hypoxic stabilization of the HIF-1α protein. et al., 2003) . In that model, mitochondrial respiration was proposed to limit oxygen as a substrate to the prolyl hydroxylases To further examine the role of respiration in the regulation of HIF-1α protein stabilization during hypoxia, we examined HIFunder hypoxia, thus preventing the hydroxylation and subsequent degradation of the HIF-1α protein. There would be suffi-1α protein levels in Chinese hamster fibroblast cells (CCL16-B2), which contain mitochondrial complex I activity at less than cient intracellular oxygen for the prolyl hydroxylases to be catalytically active in the absence of respiration during hypoxia, 10% of control cells (Au et al., 1999) . CCL16-NDI1 cells are CCL16-B2 cells stably transfected with the NDI1 gene encodthereby allowing hydroxylation of the HIF-1α protein. To genetically test the requirement of oxidative phosphorylation in reguing rotenone-insensitive internal NADH-quinone oxidoreductase of S. cerevisiae mitochondria, which rescues the impaired lating hypoxic stabilization of the HIF-1α protein, fibroblasts from a patient diagnosed with Leigh's syndrome were exposed oxidative metabolism of these cells (Seo et al., 1998) . CCL16-B2 cells died in media containing galactose, indicating that to hypoxia. Leigh's syndrome is a disease associated with cytochrome c oxidase (COX) deficiency due to mutations within these cells are incompetent in oxidative phosphorylation (Figure 2E) . Furthermore, CCL16-B2 cells adapted to glucose disthe SURF-1 gene (Tiranti et al., 1998) . Surf-1 is a nuclear encoded protein that is involved in the proper assembly of COX.
played a significantly lower (w20-fold) rate of oxygen consumption compared with CCL16-NDI1 cells adapted to galactose One such mutation involves a homozygous frameshift mutation in exon 1 (37ins17), which leads to a SURF-1 null phenotype ( Figure 2F ). Although CCL16-B2 and CCL16-NDI1 cells exhibited markedly different rates of respiration, both cell types were able and COX activity at less than 10% of control cells (Tiranti et A) Cells deficient in SURF-1 (null cells) and cells reconstituted with a SURF-1 cDNA (wild-type) were adapted to glucose or galactose media and cell death was measured after 72 hr. n = 4 ± SEM. B) Oxygen consumption of SURF-1 wild-type and null cells. C) HIF-1α protein levels in SURF-1 wild-type and null cells exposed to N (normoxia, 21% O 2 ) and H (hypoxia, 1.5% O 2 ) for 2 hr in the presence and absence of 1 M myxothiazol. D) HIF-1α protein levels in SURF-1 wild-type and null cells exposed to N (normoxia, 21% O 2 ) and A (anoxia, 0% O 2 ) for 2 hr in the presence and absence of 1 M myxothiazol. E) CCL16-B2 and CCL16-NDI1 cells were adapted to glucose or galactose and cell death was measured after 48 hr. n = 4 ± SEM. F) Oxygen consumption of CCL16-B2 and CCL16-NDI1 cells adapted to glucose or galactose. G) HIF-1α protein levels from nuclear extracts of CCL16-B2 cells adapted to glucose and CCL16-NDI1 cells adapted to galactose and subsequently exposed to N (normoxia, 21% O 2 ) and H (hypoxia, 1.5% O 2 ) for 2 hr in the presence and absence of 1 M myxothiazol.
to stabilize HIF-1α protein upon exposure to hypoxia. Myxothiazol green fluorescent protein (GFP) ( Figures 3A and 3B ). Neither the expression of PGC-1α nor GFP resulted in a change in stabilizaprevented the hypoxic accumulation of HIF-1α protein ( Figure  tion of HIF-1α protein or in the loss of sensitivity to myxothiazol 2G). These results indicate that mitochondrial respiration does not under 0.3% O 2 ( Figure 3C ). If oxygen gradients across memregulate hypoxic stabilization of HIF-1α protein.
branes caused local intracellular oxygen levels to reach anoxia To test whether intracellular oxygen gradients across cell under 0.3% O 2 , then myxothiazol would not abolish the stabilizamembranes are sufficient to limit intracellular oxygen availabiltion of HIF-1α protein. Thus, intracellular oxygen gradients do not ity, differentiated C2C12 cells expressing PPARγ coactivator 1α regulate the stabilization of HIF-1α protein.
(PGC-1α) were exposed to oxygen levels of 0.3%. PGC-1α is a transcriptional coactivator that can induce mitochondrial bioHydrogen peroxide is required for hypoxic genesis (Wu et al., 1999) . Ectopic expression of PGC-1α using stabilization of HIF-1α adenoviral infection of differentiated C2C12 cells led to increased Since mitochondria's ability to neither consume oxygen nor levels of electron transport chain proteins, such as cytochrome c, generate ATP levels is required for hypoxic stabilization of HIFas well as a greater than 2-fold increase in mitochondrial number 1α protein, we examined whether ROS, generated by the electron transport chain, act as possible signaling molecules and oxygen consumption compared with cells infected with linking the electron transport chain to the stabilization of HIFphosphorylation does not contribute to the regulation of HIF-1α protein stabilization. This is consistent with previous obser-1α protein. To genetically address the role of ROS, A549 cells were individually infected with an adenovirus containing copvations in Saccharomyces cerevisiae indicating that the mitochondrial respiratory chain is required for a subset of hypoxic per zinc superoxide dismutase (SOD1), manganese superoxide dismutase (SOD2), glutathione peroxidase 1 (GPX1), or catagene expression independent of oxidative phosphorylation (Dagsgaard et al., 2001 ). lase to determine the type of ROS required for hypoxic stabilization of HIF-1α protein. SOD1 is widely distributed, while
The recent discovery that hydroxylation of proline residues by prolyl hydroxylases regulate the stabilization of HIF-1α pro-SOD2 is expressed in the mitochondria. SOD1 and 2 are responsible for the breakdown of superoxide into hydrogen pertein has raised the possibility that the hydroxylases themselves serve as oxygen sensors regulating HIF-dependent gene exoxide. Glutathione peroxidase or catalase converts hydrogen peroxide (H 2 O 2 ) into water. The stable suppression of the pression (Kaelin, 2002; Schofield and Ratcliffe, 2004) . The hydroxylation reaction requires oxygen as a substrate, thus makRieske iron-sulfur protein by small hairpin RNA (shRNA) in A549 cells decreases hypoxic stabilization of HIF-1α protein ing the hydroxylation step an oxygen-dependent process. It is clear that in the complete absence of oxygen the prolyl hydrox- (Figures 4A and 4B ). Cells overexpressing SOD1 or SOD2 did not alter HIF-1α stabilization under hypoxic conditions, while ylases serve as oxygen sensors since they cannot carry out the hydroxylation of the HIF-1α protein. Our current data are overexpression of GPX1 or catalase decreased HIF-1α stabilization under hypoxia ( Figures 4C-4F) . Thus, the hypoxic stabiconsistent with this premise since the genetic interventions in preventing electron transport chain activity did not prevent lization of HIF-1α requires H 2 O 2 and not superoxide anion. The overexpression of SOD1 or SOD2 is likely to increase H 2 O 2 HIF-1α protein stabilization under anoxic conditions. It is less clear that they serve as oxygen sensors in the hypoxic region levels under normoxia and might have been expected to increase HIF-1α protein. However, the increase in H 2 O 2 levels (1%-3% O 2 ). In order to fulfill this role the hydroxylases would have to have a Km in the hypoxic region. Recombinant prolyl under these conditions is not sufficient to trigger HIF-1α protein stabilization. These results are also consistent with previhydroxylases have a Km of ambient air (20.9% O 2 ) in vitro, indicating that the prolyl hydroxylases are decreasing their enous observations suggesting that an increase in oxidative stress during hypoxia is required for hypoxia-induced gene zymatic activity throughout the physiological range of PO 2 (Hirsila et al., 2003) . Therefore, if the prolyl hydroxylases were in transcription (BelAiba et al., 2004; Goyal et al., 2004) .
fact the sensors, one would predict a continuous increase in the accumulation of HIF-1α protein as oxygen levels fall from Mitochondria as oxygen sensors and ROS as signaling molecules: A model for oxygen sensing 21% O 2 to 0% O 2 . However, the HIF-1α protein begins to accumulate around 5% O 2 , and its concentration increases as In the present study, we provide genetic evidence that the mitochondrial electron transport chain is required for the hypthe oxygen levels approach anoxia (Jiang et al., 1996) . We propose that hydroxylases have sufficient oxygen under hypoxic oxic stabilization of HIF-1α protein by utilizing siRNA against the complex III subunit, the Rieske iron-sulfur protein. Furtherconditions to conduct hydroxylation of proline residues of HIF-1, but the increase in mitochondrial generation of oxidants more, hydrogen peroxide but not superoxide is required for HIF-1α protein stabilization. In the absence of Rieske protein, results in the initiation of signaling pathways that are likely to interfere with the hydroxylation of proline residues of HIF-1. complex III cannot initiate the Q cycle and generate ROS. Our present results also indicate that mitochondrial electron trans-
The physiological implication of ROS as a positive regulator of HIF-1 has been recently highlighted by the observation that port chain ability to consume oxygen or undergo oxidative CCL16-B2 and CCL16-NDI1 were cultured in DMEM containing pyruvate. Cells adapted to glucose were cultured in DMEM media containing glucose (20 mM), while cells adapted to galactose were cultured in DMEM containing galactose (20 mM) with pyruvate. The DMEM medium was supplemented with penicillin (100 U/ml), streptomycin (100 g/ml), and 10% heatinactivated fetal bovine serum (FBS). SURF-1 null and wild-type cells were isolated and cultured as previously described (Tiranti et al., 1998) . C2C12 myoblasts were differentiated into myotubes by culturing the cells for 5 days in DMEM containing 1% FBS.
Oxygen conditions
Hypoxic conditions (1.5% O 2 , 93.5% N 2 , and 5% CO 2 or 0.3% O 2 , 94.7% N 2 , and 5% CO 2 ) were achieved in a humidified variable aerobic workstation (INVIVO O 2 , BioTrace). The INVIVO O 2 contains an oxygen sensor that continuously monitors the chamber oxygen tension. In all experiments, cells were plated at 30%-50% confluence to prevent the development of anaerobic conditions at 1.5% or 0.3% O 2 . Anoxic conditions (0% O 2 , 85% N 2 , 10% H 2 , and 5% CO 2 ) were achieved in a humidified anaerobic workstation at 37°C (BugBox, BioTrace). An anaerobic color indicator (Oxoid) confirms anaerobicity of the chamber. Before experimentation, media were pre-equilibrated overnight to the experimental oxygen level.
Immunoblotting
Nuclear extracts were prepared as previously described (Chandel et al., 2000) . Whole-cell lysates were prepared using 1× lysis buffer (Cell Signaling). Nuclear extract (50 g) or whole-cell lysate (50 g) were resolved on an SDS 7.5% polyacrylamide gel (for HIF-1α blots) or 10% gel (for all other proteins) as previously described. HIF-1α protein was detected in nuclear extracts using 1:500 of HIF-1α antibody (Novus Biolgical Sciences) or in whole-cell lysates using 1:500 of HIF-1α antibody (BD Biosciences). SOD1, SOD2, catalase, and GPX1 protein levels were detected in A549 whole-cell lysates (50 g) using 1:500 of SOD1 antibody (BD Biosciences), 1:1000 of SOD2 antibody (BD Biosciences), 1:10,000 of catalase antibody (Abcam), and 1:5000 of Myc antibody (Invitrogen). Proteins were detected using antibodies to the Rieske iron-sulfur protein (Molecular Probes) at 1:500, both PGC-1α and cytochrome c at 1:1000. As a loading control, an antibody to ommendations. Control experiments were performed using the double-E and F) HIF-1α and GPX1 or catalase protein levels in A549 cells infected with null stranded RNA targeting the Renilla luciferase gene sequence 5#-AAACATG adenovirus (control) and adenovirus expressing myc-tagged GPX1 or catalase and CAGAAAATGCTGTT-3#. The cells were examined 60 hr posttransfection. subsequently exposed to normoxia (21% O 2 ) and hypoxia (1.5% O 2 ) for 2 hr.
Small hairpin RNA (shRNA) for Rieske iron-sulfur gene sequence 1 was cloned into the retroviral pSIREN vector (Clontech). The Drosophila HIF (D-HIF) sequence 5#-CCUACAUCCCGAUCGAUGAUG-3# was cloned as a control sequence. The retrovirus was packaged using the PT67 packaging cell line radiation-induced reoxygenation of hypoxic tumor cells results (Clontech) . The retrovirus encodes the puromycin gene as a resistance in the production of ROS, which activates HIF-1 to prevent ramarker to make stable clones.
diation-induced endothelial cell death (Moeller et al., 2004) . Furthermore, the loss of JunD, a member of the AP-1 family of Mitochondrial assays transcription factors, increases oxidative stress in cells resultCellular O 2 consumption rates were measured in aliquots of cells removed ing in normoxic activation of HIF-1 and VEGF (Gerald et al., from the cultured flasks and studied in a magnetically stirred, water-jack-2004). Thus, JunD protects cells from oxidative stress and supeted (37°C), anaerobic respirometer (2 ml volume) fitted with a polarographic O 2 electrode (Oxygraph system, Hansatech Instruments). Respirapress tumor angiogenesis. Collectively, our present data protory control ratio was assessed in isolated mitochondria using succinate vide genetic evidence for a model of oxygen sensing that impliand ADP as substrates in the presence or absence of oligomycin as precates the mitochondrial complex III as an oxygen sensor viously described (Chandel et al., 1995) . Mitochondrial copy number was regulating the stabilization of HIF-1α protein through a ROSassessed by analyzing total DNA isolated from differentiated C2C12 cells dependent mechanism.
with quantitative real-time PCR using SYBR green chemistry. Total DNA was isolated using the DNeasy Tissue kit (Qiagen). Levels of mitochondrial Experimental procedures encoded cytochrome oxidase I subunit (COX1) were compared with the nuclear encoded 18S gene. COX1 primers are 5#-ACCATCATTTCTCC Cell culture TTCTCCTA-3# and 5#-TAGATTTCCGGCTAGAGGTG-3# and 18S primers Human lung epithelial A549 cells, human kidney epithelial HEK-293 cells, mouse C2C12 myoblasts, and the Chinese hamster lung fibroblast lines are 5#-TGGCTCATTAA ATCAGTTATGGT-3# and 5#-GTCGGCATGTATTAG
